This paper describes development of a haptic interface using a laser range finder. The system consists of a laser range finder, a 1 degreeof-freedom haptic apparatus and a computer. The haptic apparatus can generate a reaction force based on a distance to a remote object that is measured by the laser range finder. A user can feel the shape of a remote object by holding this interface and pointing the object.
INTRODUCTION
In the real world, we usually touch real objects which are put on reachable area. However, we cannot touch real objects which are put on unreachable area in daily life.
If status of remote objects can be measured in real time, we can feel a reaction force from the remote objects by using a haptic interface. Meanwhile, the meanings of "unreachable objects" are not only they exist in distance, but also they exist in showcase or restricted area such as showpieces at science/ art museums. By using some sensors and haptic apparatus, we can feel a reaction force from these unreachable objects. This function can be helpful to understand the characteristics of the objects in educational situation.
As related works, Iwata [2] has developed an augmented reality system named "Feel-through". It consists of a see-through HMD on which image of virtual objects are superimposed, and a haptic interface. The users can feel a reaction force from remote objects. However, it should be prepared shape and location data of real objects before using the system. Nojima et al [6] have developed a haptic interface named "SmartTool". The interface is equipped with a proximity sensor at the end effector. It can detect the condition of people's affected part by using output data of the sensor and feeds back with a reaction force so that the user can notice the location of the dangerous part in an operation. Since the system uses a proximity sensor, the user cannot touch remote objects which are put on unreachable place.
In this study, a haptic interface with a laser range finder is proposed. By using this interface, a user can feel a reaction force from remote objects, even though they exist inside of a showcase which is covered with a glass plate. A prototype system was developed. It consists of a 1 degree of freedom haptic apparatus and a laser range finder. The haptic apparatus can present a force to the tip of the user's thumb based on the distance data from the laser range finder. The effectiveness of this system was evaluated through some experiments. Figure 1 shows the basic concept of this interface. The distance between the interface and real objects is measured. Then a reaction force based on the distance data is presented to a user without any preparation such as preparing shape model.To realize a sensation as if a user can touch remote objects in real time, real time shape measurement sensor and haptic apparatus are required. Shape measurement As shape measurement sensors, there are some sensors such as ultrasonic echo sensor [8] , optical sensor [9] , stereo camera sensor [7] , goniometer[1] and a laser range finder (LRF for short) . In this study, requirements for sensor are accuracy for reproducing fine surfaces, non contact measurement for touching unreachable objects, and ability to measure shape of remote object even though through a glass plate. A comparative chart in the requirements is shown in Table 1, where means "suitable", means "partly suitable" and × means "not suitalbe". The LRF is the most suitable method for this purpose.
SYSTEM CONCEPT
Haptic Apparatus Considering the use of this system in outdoors, the interface should be mobile. Two types of haptic interfaces can be considered for this purpose. One is a wearable type of 978-1-4244-3858-7/09/$25.00 ©2009 IEEEhaptic interface and another is a handheld type. The wearable type of haptic interface is difficult to desorb it, and if it attaches for a long time, the user will get fatigued. On the other hand, the handheld type of haptic interface can be use easier than the wearable type, since it is easy to desorb when a user gets fatigued. Hence it can be applied to this purpose. In addition, force feedback for whole hand or multi-finger is not practical since the apparatus becomes complex and heavy. As a first step, 1 DOF haptic interface was considered in this study.
The next consideration is where the feedback force is applied to. It is natural to feel a reaction force through the index finger. However, since the apparatus will weigh about 1kg, the user must grasp the apparatus. In this situation, it is hard to move index finger freely. Hence the apparatus is designed to apply reaction force to the thumb and the remaining fingers use for grasping the interface in this study.
Measurement Ranges From the above discussion, since the haptic apparatus has 1 DOF, requirement for the LRF is the ability to measure a distance precisely, even though there is a glass plate between a remote object and the LRF. However, accuracy of measurement depends on the incident angle of the laser. Moreover, it depends on the material of the object. The relationship between the incident angle and materials were measured as a feasibility study. In this experiment, a laser range finder, LK-G500 made by KEYENCE, was used. A glass plate with 5 mm thickness was placed in front of the LRF. A white paper, a black paper and an aluminum plate were used as test objects. These test objects were put on in some distances with 0 degree incident angles, perpendicular to the surface of the object. The measured distance data were compared with the data with the glass plate and without it. As a result, the measured distance with the glass plate is shortened from 0.85 mm to 1.07 mm in comparison to normal data without the glass plate. The resolution of this LRF was 0.22 mm through the glass plate. Also, the ranges of incident angle with three objects covered with above materials were measured. Figure. 2 shows limitation of the incident angle of each object. The direction perpendicular to the object's surface was set to 0 degrees. As a result, the object covered in the white paper has the largest measurement range of 80 degrees incident angle. The second is 24 degrees of aluminum and the object covered in the black paper has 18 degrees. This result shows that the measurement range has a limitation that depends on the material of object. For a comparison, the measurement ranges without glass are also shown in Figure. 2.
PROTOTYPE SYSTEM 3.1 System Configuration
A prototype system was developed to evaluate proposed method. This system consists of a laser range finder (LRF), a 1 DOF haptic apparatus and a PC for controlling the system.
The LRF is LK-G500 made by KEYENCE, with its controller, LK-G3000 made by KEYENCE. The LRF has measurement range from 250 mm to 1000 mm. A distance between the interface and a target object is measured with the LRF at 1.56 kHz. The distance data are read with Digital Input ports of a PCI board on the PC, PCI-9112 made by NuDAQ. The data are sent to the PC, PRECISION 470 made by DELL.
The PC calculates a motor torque based on a haptic rendering algorithm described below. The torque data are translated to PWM pulse data and sent to a PWM pulse generator M66240P made by Renesas through Digital Output port of the PC with 8 bits resolution( Figure. 3).
The 1DOF haptic apparatus has a geared motor (super mini106-3001-1 made by SANYO DENKI, reduction ratio: 10.8:1) with an optical shaft encoder, RE12D-300-201-1 made by COPAL. ELEC-TRONICS which has 300 pulse/round resolution ( Figure 4 ).
To apply a reaction force to the user's thumb, the interface has a lever which has 35 mm length determined by a feasibility study of working range of the thumb and rotates around pitching axis that means the lever tilts back-and-forward from a view point of the user. A cylindrical knob is put on the top of the lever. The user pushes the knob of the lever by his/her thumb and can feel a reaction force from remote objects. The maximum reaction force at the top of the lever is 19.3N. Figure 4 shows overview of the mechanism.
Appearance
The shape of grip of the body of the interface was designed through many try-and-error by using a rapid prototype modeling system. The main concept of this design is to realize easiness of grasping the interface. Figure 5 shows the latest model of the grip. The interface weighs 0.9 kg and is a little heavy to hold single hand for a long time. In this study, the subject holds the interface by double hand as shown in Figure 6 .
Haptic Rendering Method
As haptic rendering methods, 3 methods was developed in this study. Meanwhile, the scale of distance data is full-size (1:1) in these methods as a first step.
Position control method The first method is a position control method. A representative point on an object is selected by a user and the distance between the point and the interface is defined as the neutral distance. The lever of the interface moves to the neutral angle (vertical direction) of the lever at the neutral distance. The lever's angle is proportional to the difference between the current distance measured with the LRF and the neutral distance. The user can recognize the object's shape by keeping in touching the lever or watching the lever's motion. The output torque of the motor is calculated by Equation (1).
where θ is the current angle of the lever, θ r is the destination angle, θ is angular velocity of the lever, and K p , K v are a spring constant and a viscosity constant respectively.
Penalty method
The second method is a penalty method [5] , [4] in which the reaction force is proportional to the invasion of the lever to an object. When a representative point on the object is selected, the distance between the interface and the representative point is defined as the neutral distance. The lever's neutral angle is set to the vertical direction and the current surface position of the target object is calculated based on the difference from the current distance to the neutral distance. When a user pushes the lever and the lever invades the object's current surface, the interface generates a reaction force which is proportional to the invasion from the object's current surface. The output torque is calculated with following equation when the lever invades. Otherwise, the torque is set to 0. 
where J means Jacobian matrix and P means the vector of the reaction force.
Torque mapping method The third method is a torque mapping method. Since the working range of the lever of the interface is not enough larger than objects around us in our daily life, the distance is mapped to output torque of the interface. It can be interpreted as having changed distance into the spring constant and the user feel the shape as a rigidity. In this method, there are two modes, linear mapping mode and logarithmic mapping mode. In the linear mapping mode, the torque applied to the user's thumb is reduced proportion to the distance (see Figure 7 ) . Meanwhile, in the logarithmic mapping, the output torque is calculated by using the torque calculated in the linear mapping mode. Users perceive an ridge line of an object as a blurred line in the linear mapping mode. As same as in rigidity distribution rendering [10] , the torque in the logarithmic mapping mode is compensated for as follows to emphasize the rigidity/ distance change:
where τ is a torque before compensation and τ c is compensated for.
The o f f set was substituted as 0.025, determined through trial and error. Figure 8, 9 show torque alternations when a user touch a cylinder and a ridge line of a cube respectively. The user moved the haptic interface horizontally at a uniform velocity on a glass board which was stood up in front of the these objects. The output torques are plotted. The curvature of the cylinder and the ridge line of a cube are emphasized with the logarithmic mapping mode compared with the linear mapping.
EVALUATION 4.1 Shape Recognition in Free Space
To evaluate system performance, a shape recognition experiment was conducted. Subjects touched an object freely through the interface until they recognized which object he/she touched. In this experiment, since there was no glass plate, the interface was able to be moved in the real space without any restrictions. Instead, a magnetic position sensor, FASTRAK made by Polhemus was used to cancel the user's motion from the distance value. The relative distance between the LRF and the object can change due to not only object's shape but also user's free motion. As haptic rendering methods, the position control method and the penalty method were used. The K p is set to 26.4N· mm/deg and the K v is set to 10.6 N·mm·sec/deg in the position control method. The spring constant is 0.347 N·mm/deg for the penalty method. The presented objects were a sphere which has 150 mm diameter, a cylinder which has 100 mm diameter and 100 mm height, a cube which has 100 mm length of each side and turned the flat surface (Plane), and a cube which has 100 mm length of each side and turned one side (Ridge line) as shown in Figure 10 . One of the objects and one of the rendering methods were selected randomly at each trial and the subjects answered which object is touched. During the experiment, the subjects prevented from seeing the presented object directly by using a cover as shown in Figure 11 . 6 subjects conduced 16 trials at each haptic rendering algorithm.
The result is shown in Table 2 . These numbers indicate the number of times which the subjects selected ( 24-point is perfect.). The percentage of the correct answers in the position control method is 63.5 % and 87.5 % in the penalty method. In the position control method, the lever moved to position of the object's surface regardless of a user's will so that it is difficult for the user to perceive the shape. Meanwhile, in the penalty method, the subjects could distinguish each shape almost correctly. However it was hard for the subjects to perceive subtle difference between the Ridge line and the cylinder. Since the interface could be moved without any restriction such as a glass plane, it is caused that the lever moved across a contact location with the remote object on the interface when the interface moved forward.
Threshold of Small Bump through a Glass Plate
To evaluate perceived minimal distance difference by using this system through a glass plate, a threshold measurement experiment was conducted. As test objects, a surface of a cube was divided into 2 areas, one had a normal distance and another had a different distance from the normal distance. The penalty method was used as the haptic rendering method. Subjects touched the surface and answered the changing point of the distance of the surface. Distance differ- ences of 0 mm, 0.32 mm, 0.48 mm, 0.64 mm and 0.96 mm were presented randomly as the comparison stimulus. The spring constant of the haptic rendering based on the penalty method was set to 0.95 N·mm/deg. During the experiment, the subjects instructed to move sticking the interface to the glass plate and prevented from seeing the presented object directly by using a cover as shown in Figure 11 . 6 subjects conducted 4 trials for each condition, totally 20 trials. Figure 12 shows the average percentage of correct answers of each small bump. The error bars mean maximum and minimum values. Since the chance level was more than 50 %, it can be concluded that all subjects can distinguish the small bump when there was more than 0.64 mm distance difference. 
Differential Limen of Inclined Angle through a Glass Plate
In the real world, there are not only small bumps as shown in the previous subsection, but also continuous distance alternation surfaces such as inclined surface. To measure differential limen of inclined surfaces, up-and-down method was used in this experiment. 0 degrees, 22.5 degrees and 45 degrees of inclined surface were prepared as standard stimuli. In this experiment, the penalty method was used as a haptic rendering method. The spring constant was set to 0.95 N·mm/deg. During the experiment, the subjects instructed to move sticking the interface to the glass plate and prevented from seeing the presented object directly by using a cover as shown in Figure 11 . 6 subjects conducted the experiment. Figure 13 shows the upper limen and lower limen at each standard stimulus. The error bars mean standard deviations at the inclined angles. As a result, the larger the inclined angle becomes, the larger the differential limen increases. This result supports that the recognition deteriorates when the incident angle becomes large such as the ridge line and the cylinder in the previous shape recognition experiment.
Shape Recognition through a Glass Plate
To evaluate system performance, a shape recognition experiment through a glass plate was conducted. Subjects touched an object freely via the interface until they recognized which object he/she touched. At the same time, the subjects instructed to move sticking the interface to the glass plate during the experiment. Presented objects were a sphere, a cylinder, a cube which turned the flat surface, and a cube which turned one side shown in Figure 10 as same as the previous shape recognition experiment. The linear torque mapping mode and the logarithmic mapping mode of the torque mapping method were used as haptic rendering methods. One of the objects and one of the rendering methods were selected randomly at each trial and the subjects answered which object is touched. During the experiment, the subjects prevented from seeing the presented object directly by using a cover as shown in Figure 11 . 6 subjects conduced 16 trials at each haptic rendering algorithm.
The result is shown in Table 3 . The number in each cell of the table means the number of times which the subjects answered ( 24-point is perfect.). The percentage of correct answers in the linear mapping mode was 71.9 % and 82.3 % in the logarithmic mapping mode. The subjects can perceive to shape correctly than the linear mapping. However, in both methods, it was hard for the subjects to distinguish the cylinder and the ridge line of the cube. The users perceive a ridge line of an object as a blurred line. The large differential limen of inclined angle caused this result.
The subjects who achieved good result about the cylinder and the ridge line reported that they paid attention to the force alternation near the left/ right edge of the objects. For instance, a cylinder pushed suddenly and the ridge line of cube pushed gradually. It became clear that the subjects did not use the feature of angulated portion to perceive the ridge shape in this interface.
DISCUSSION
In this study, the effectiveness of the proposed system was confirmed. This system can be used for education to understand shapes of weak, expensive or dangerous objects for direct-touch , quality inspection of engineering products, welfare product such as fallprevention or virtual white cane [11] . However, due to the measurement limitation of the LRF, the LRF cannot measure correctly at some incident angles of the laser to a object's surface or at colors/materials of objects. Furthermore, It cannot measure back sides of the object and a deep hole, etc. When a user touches the texture of a remote object's surface, the output torque of this interface will often change intermittently due to small blur of a user's hand. The user often feels it as noise. For recognition of more complex forms, it is necessary to develop some kinds of filtering techniques to deal with fast variation of the distance and avoid blur of haptic images due to the hand movement. To overcome these problems, a hybrid system with a stereo camera system, the LRF and position and orientation sensors with filtering techniques et cetera can be used.
In the view point of the haptic rendering algorithm, the penalty method is the best method in this study, The user can move his/her finger freely and the reaction force is applied at the contact surface in real time. The users tended to keep applying a force to the lever, so that the user can perceive the shape easily by feeling the finger movement. The second algorithm is the torque mapping method. It can be interpreted as having changed distance into the spring constant. Scale conversion is needed in order to dedicate a body within the limits of a lever when touching a large object. It is necessary to examine the useful conversion method as a future work. About the position control method, it is considered to be the cause of accuracy degradation that the working range of the lever, approximately 35 mm, is narrow and was difficult to recognize the shape. There is a room to tune in rendering algorithm. Meanwhile, magnifying sensor data, a user can feel imperceptible texture of a surface like the tactile contact lens [3] . For perceiving more complex shape, continuous improvements of rendering algorithms are required.
In this study, target objects were put on a table and did not move by itself. When a object is moving and a user's hand is not moving, the user can perceive its movement since feedback is changing. In addition, when the hand movement is canceled by using position data from position sensor, the user can perceive its movement. However, it is difficult for a user to perceive movement of a target object when both user's hand and the object are moving independently. Moreover, it is difficult to perceive its detailed shape.
In such case, the user must stop the hand movement. Although it seems in daily life that there is very little necessity of perceiving the details of the shape of objects which is moving when a user's hand is moving, solution of this issue is a future work.
CONCLUSION
In this study, a haptic interface that can measure the distance between the system and a real object in real time, and generate a reaction force to user's finger tip was developed. The users can perceive the shapes of remote objects without touching them with his/her bare hand. Even though the object place in a showcase covered with glass planes. The threshold and differential limen in touching objects were measured. And through shape recognition experiment, the effectiveness of this system was evaluated.
As a future work, we plan to enhance degrees of freedom of the sensor and the apparatus for raising power of expression and to improve the haptic rendering algorithm. Considering long term use, it is still necessary to improve the design (the ergonomic design and the weight of the interface).
